The growth of vesicular stomatitis virus (VSV) can be inhibited by the antiviral compound tricycloodecane-9-yl-xanthogenate (D609). On analysing the antiviral mechanism we found no effect on the primary transcription of infecting VSV genomes. In contrast, the processes of replication and transcription during late stages of infection were inhibited. Despite the synthesis of all five virus-coded proteins (41 ~ to 56 ~ of the uninhibited control), as shown by labelling with [35S]methionine, the phosphorylation of the non-structural (NS) protein was reduced in the presence of the xanthate by a factor of at least 17. The pattern of phosphorylation of the bulk of cellular proteins remained unaltered under the same conditions. A relation between a possible loss of biological activity of the NS protein owing to the lack of phosphorylation and the decreased VSV RNA synthesis is suggested.
INTRODUCTION
Xanthates display antiviral activity against various unrelated viruses. Vaccinia, herpes, coxsackie and vesicular stomatitis viruses and simian virus 40 (SV40) can be inhibited at xanthate concentrations that still permit the mitotic activity of uninfected cells (Sauer et al., 1984) . The compound tricyclo-decane-9-yl-xanthogenate (D609) has been shown to suppress herpesvirus DNA synthesis and transcription (Amtmann et al., 1985a) . Furthermore, the substance blocked both the DNA and RNA synthesis of SV40 and episomal bovine papillomavirus (Sauer et al., 1984) .
In the present study the mode of action of D609 on the growth cycle of the RNA-containing vesicular stomatitis virus (VSV) in 3T3 cells was investigated. VSV is one of the best-studied of the enveloped RNA viruses. Its genome is single-stranded and of anti-messenger polarity. The nucleocapsid contains the RNA, which is complexed with the major structural protein N and the RNA polymerase complex. The latter is made up of two components, the large (L) protein and the non-structural (NS) phosphoprotein (Emerson, 1976) . After entry into the cell, the infecting genome acts as a template for synthesis of the mRNA. The initial transcription is not sensitive to cycloheximide and is operationally defined as primary transcription (Marcus et al., 1971) . Translation of these transcripts i s necessary for the initiation of replication. The synthesis of full-length genomic and anti-genomic RNA is strictly dependent on a continuous protein supply (Wertz & Levine, 1973) . In particular, the supply of N protein, while essential for the encapsidation of nascent full-length RNA, is also of great importance for the maintenance of genomic RNA polymerization (Blumberg et al., 1981 ; Patton et al., 1984; Arnheiter et al., 1985) . The mRNA polymerization along progeny genomes is termed 'secondary transcription' and leads to the synthesis of abundant viral proteins. In contrast to replication, the process of secondary transcription does not require concomitant protein synthesis. It appears, however, that both L and NS proteins are required for RNA polymerization in vitro (De & Banerjee, 1985) .
Experiments in vitro have shown that the degree of phosphorylation of NS protein is involved in the regulation of the RNA polymerase activity. Highly phosphorylated NS protein species strongly enhance viral transcription in a reconstituted cell-free system (Kingsford & Emerson, 0000-7894 © 1987 SGM 1980 . Blocking of the L protein-mediated NS protein phosphorylation resulted in the cessation of transcription in a reconstituted system (Sfinchez et al., 1985) .
As will be described in this report, D609 had no influence on early primary transcription. In contrast, the production of full-length anti-genomic and genomic RNA was strongly inhibited by D609 treatment. Furthermore, a drastic concomitant decrease in the level of secondary transcripts in treated cells was measured. All five viral proteins accumulated in the presence of D609, although to a somewhat lesser extent than in untreated cells. Surprisingly, however, we found that D609 selectively inhibited phosphorylation of the NS protein but left the phosphorylation pattern of cellular proteins unaffected.
METHODS
Cells and viruses. Subcloned 3T3 cells, African green monkey kidney cells (Rita; Italdiagnostic Products, Rome, Italy) and baby hamster kidney (BHK) cells were grown as described (Amtmann et al., 1987) . Stocks of VSV (Indiana strain, obtained from the American Type Culture Collection) were prepared in BHK cells, m.o.i, of 0.01 p.f.u./cell being used to minimize the production of defective interfering (DI) particles. After 48 h at 37 °C, supernatant fluids and cells were frozen and thawed. The virus suspension was cleared of cell debris by centrifugation at 4 °C for 15 min at 3000 r.p.m. The virus yield was determined after 24 h by plaque assay in Rita cells grown in Linbro plates in duplicate.
Media and inhibitors. Equilibration of media by the addition of I M-HC1 and incubation for 24 h at 37 °C in a 5 CO2, 95 ~ air atmosphere was necessary to stabilize the media at the desired pH with a tolerance of + 0.05. For example, in order to establish pH 6.8 or pH 7-0, bicarbonate-free Eagle's basal medium was supplemented with 0-85 g/1 NaHCO3, 10% foetal bovine serum (FBS), and either 2 ml or 1 ml 1 M-HC1 per litre. To achieve the final pH 7.4, 2.2 g/1 NaHCO3 was added to Eagle's basal medium containing 10~ FBS. Actinomycin D (Boehringer) was used at a final concentration of 5 ~tg/ml, cycloheximide (Serva, Heidelberg, F.R.G.), at a final concentration of 200 gtg/ml, and D609 [prepared according to established methods (M611er & Ottel, 1967) and supplied by Merz & Co., Frankfurt, F.R.G.] at concentrations between 10 and 30 Ixg/ml, as indicated in the figure legends.
Infection of cells and treatment with xanthate. Subconfluent monolayers of 3T3 cells in 6 cm plastic Petri dishes or in 260 ml Nunc tissue culture flasks were treated with actinomycin D for 45 rain before mock infection or infection with VSV. VSV (m.o.i. 1 to 50 p.f.u./cell) was allowed to adsorb to the cells for 1 h at 4 °C in the presence of actinomycin D. After removal of the inoculum the cultures were re-fed with warm (37 °C) pH-stabilized medium containing 10 ~ FBS and actinomycin D, with or without xanthate. The dishes were placed in a 5 ~ CO,, 95 ~ air atmosphere in an incubator at 37 °C. For analysis of the primary transcription of VSV, all media also contained cycloheximide.
Labelling of cells. RNA was labelled either with [3H]uridine (Amersham Buchler, sp. act. 40 to 60 Ci/mmol, 25 ~tCi/ml) or with H33zpo4 (Amersham Buchler, 25 gtCi/ml) for 4 h, starting 4 h after infection. To label protein with [35S]methionine the medium was removed from the monolayers, and after two washes with phosphate-buffered saline (PBS) they were incubated in 1 ml methionine-free MEM stabilized at pH 7.0 and containing 5 ~ dialysed FBS, actinomycin D and 20 ~tCi/ml [35S]methionine (Amersham Buchler, sp. act. 40 to 500 mCi/mmol) for a further 30 to 60 min at 37 °C.
Before labelling with H33zpo4, the cells were incubated for 3 h in phosphate-deprived MEM at pH 7-0 supplemented with 5 ~ dialysed FBS, actinomycin D and the D609 concentrations indicated in the figure legends.
Isolation of labelled virion proteins. For radioactive labelling of VSV-coded proteins a total of 5 x 107 BHK cells were deprived of either methionine or phosphate in the appropriate MEM 3 h prior to infection. The ceils were infected with VSV at an m.o.i, of 10 p.f.u./cell. After an adsorption period of 1 h at 37 °C the cells were incubated in either methionine-free MEM containing 5~ dialysed FBS and 20 ~Ci/ml (sp. act. 40 to 500 mCi/mmol) [35S]methionine or in phosphate-free MEM with 5~ dialysed FBS and 20 IxCi/ml [3Zp]orthophosphate. At 24 h after infection the virus was purified from the supernatant of the BHK monolayers as described elsewhere (Flamand & Bishop, 1974) . After purification of the virus by a 20% to 70~ sucrose gradient the viral band was collected in a 0.5 ml fraction, diluted with double-distilled water to 10% and proteins were precipitated by the addition of 3 vol. acetone at 4 °C for 30 rain. Proteins were collected by centrifugation (12000 r.p.m., 20 rain, 4 °C).
RNA analysis. Radiolabelled RNA was extracted from cells as described elsewhere (Krieg et al., 1983) . The RNA was electrophoresed in 1% agarose gels under denaturing conditions described by Bailey & Davidson (1976) , except that the concentration of CH3HgOH was 15 mM instead of 5 mM, or in 1 ~ agarose 2-2 M-formaldehyde gels (Maniatis et al., 1982) .
[3H]Uridine-labelled RNA was transferred to nitrocellulose filters (Thomas, 1980) , and these were immersed in 20~ (w/v) 2,5-diphenyloxazole in toluene for 1 min. Gels containing 32p-labelled RNA were dried on a Hoefer slab gel dryer. Kodak XAR-5 X-ray films were exposed to the dried filters or gels at -70 °C for 4 weeks.
Isolation of plasmid DNA and nick translation. Escherichia coli C600 transfected with pBR322 containing cloned, reverse-transcribed RNA from DI particles of VSV (pBR322, clone 6) was a gift from F. S. Hagen and A. S. Huang (Cave et at., 1984) . The plasmid was isolated from chloramphenicol-amplified cultures as described elsewhere and purified by centrifugation in CsC1 (Birnboim & Doly, 1979) . Purified plasmid DNA was 32p-labelled by nick translation (Rigby et al., 1977) . The specific activity of the nick-translated DNA probe was approximately 1 x l0 s c.p.m./Ixg.
RNA blot analysis. Hybridization of the RNA fixed to nitrocellulose filters was carried out as described (Thomas, 1980) . Conditions for the hybridization with the 32p-labelled DNA were as detailed previously (Amtmann & Sauer, 1982) . The hybridized filters were washed according to procedures described elsewhere (Melber et al., 1986) .
SDS-PAGE. After removal of the radioactive medium the monolayers were rinsed twice with ice-cold PBS and then lysed in Laemmli sample buffer. Cell extracts were incubated at 100 °C for 3 to 5 min. A maximum of 0.1 ml per sample was run on discontinuous Tris-glycine-buffered SDS-polyacrylamide slab gels with 10~o acrylamide and 0-27~ N,N'-methylenebisacrylamide (BIS) in the resolving gel as described elsewhere (Laemmli, 1970) . To separate NS from N protein the concentration of BIS cross-linker was reduced from 0.27~ to 0.13~ as already described (Lesnaw et al., 1979; Bell & Prevec, 1985) . The gels were subjected to electrophoresis at 10 V/cm for 6.5 h, and then stained with Coomassie Brilliant Blue and dried. Kodak X-Omat XAR-5 X-ray films were subsequently exposed to the gels at -70 °C for 6 h to 4 days with the aid of Kodak intensifier screens.
Immunoprecipitation of VSV-coded NSprotein. The monospecific antiserum prepared to NS protein was kindly provided by L. Prevec and the immunoprecipitation was performed as described elsewhere (Bell et aL, 1984) with some minor modifications. Briefly, prelabelled cells (16 h) were infected with VSV (m.o.i. 50 p.f.u./cell). After adsorption, the cells were treated with 10 or 20 Ixg/ml D609 in MEM (10~ FBS, 1 ~o PBS, pH 7.0). Untreated cells were used as controls. Together with mock-infected labelled, treated and untreated cells, cultures were suspended in 0.5 ml STM buffer (0.01 M-NaC1, 0.001 M-MgCIz, 0-005 M-Tris-HCI pH 7.5, 0-5~ NP40 and 1 mM-PMSF) for 10 min at 0 °C. Cells were disrupted by repeated aspiration (six times) through a Terumo syringe (0-4 × 13 mm). Nuclei and debris were pelleted by centrifugation at 2000 r.p.m, for 10 min. The supernatant was mixed with 0.5 ml 2 x radioimmune precipitation assay buffer supplemented with 1 mM-PMSF. The immunoprecipitates were analysed by 10~ SDS-PAGE (0-13~ BIS) according to Laemmli (1970) .
RESULTS

pH-Dependent antiviral activity of D609
The xanthates have been shown to display antiviral activity when assayed in acidic pH conditions (Sauer et al., 1984) . The growth of VSV, however, is quite sensitive to an acidic environment (Fiszman et al., 1974) . Experiments were therefore designed to determine what pH conditions would permit both VSV multiplication and antiviral activity of D609.3T3 cells were infected with VSV (m.o.i. 1 p.f.u./cell) and incubated at various pH levels (6.8, 7.0, 7.2 and 7.4) with or without D609 (15 p.g/ml). The results in Table 1 confirm the pH dependence of the antiviral activity of D609 (Amtmann et al., 1987) . As the virus yield was 70~ higher at pH 7.0 than at pH 6.8 12 h after infection (data not shown), pH 7.0 was chosen as a working compromise for all further experiments. The dose-response relationship seen in Table 2 shows that virus production in D609-treated cells was inhibited by two to three orders of magnitude by 30 ~tg/ml of D609 at pH 7.0.
Effect of D609 on the primary transcription of VSV
In order to discern the inhibitory effect of D609, various events in the VSV growth cycle were studied. First, viral complementary RNA synthesis was measured. Infected cells were labelled with [3H]uridine in the presence of actinomycin D for selective suppression of cell-directed RNA synthesis (Flamand & Bishop, 1974) . Additional treatment of host cells with cycloheximide, an inhibitor of protein synthesis, allowed the detection of primary transcripts of the virus, which are synthesized by the virion-associated transcriptase (Marcus et al., 1971) . The pretreatment of cells with 200 ~tg/ml cycloheximide for 30 min to 1 h, which resulted in a 97.5 reduction in protein biosynthesis, was conducted to exclude any virus-induced protein synthesis in the early phase of the infectious cycle.
Primary transcription proceeded in a linear fashion, at least for the first 8 h after infection, judging from TCA precipitation after [3H]uridine labelling (data not shown).
[3H]Uridine was added to xanthate-treated and untreated VSV-infected cells to label the newly synthesized * The time of harvest was chosen (after establishment of individual growth curves) as the end of the logarithmic growth phase (when the virus yield had reached its maximum). After freezing and thawing of two cultures for each pH, the virus yield was determined independently for each culture by plaque assay on Rita cells.
t Percentage difference between the yields of untreated and treated cultures. RNA. The RNA was isolated 8 h after infection, subjected to electrophoresis in denaturing agarose gels (Fig. 1 a) , and visualized by fluorography (Fig. 1 b) . Mock-infected cultures were used as controls (Fig. 1 b, lanes 3 and 4) to demonstrate the inhibition of cellular RNA synthesis by actinomycin D.
The level of synthesis of VSV primary mRNA was the same in xanthate-treated monolayers ( Fig. 1 b, lane 2) as in untreated cells (Fig. 1 b, lane 1) , or even slightly higher. The mRNA coding for the least abundant L protein could not be detected despite exposure of the X-ray films for 4 weeks, probably owing to its scarcity (Iverson & Rose, 1981) .
Influence of D609 on secondary transcription
We next studied the effect of D609 on secondary transcription. 3T3 cells were infected with an m.o.i, of 50 p.f.u./cell and incubated with or without the compound. In this experiment RNA was labelled with [32p]orthophosphate from 4 to 8 h after infection, at which time viral RNA synthesis peaked in untreated cells (data not shown). The analysis of the RNA is presented in Fig. 2 . In untreated infected cells all species were present in large amounts (Fig. 2, lane 1) . The inhibition of secondary transcription by D609 is shown in lane 2. The weak signals may have resulted from some residual primary transcripts [which constitute only 5~ to 8~o of all transcripts in the cell soon after infection (Wertz & Levine, 1973) ] and from residual secondary transcription. Nevertheless, a quantitative comparison (densitometer tracing of the X-ray film) of the signals in lanes 1 and 2 revealed that the intensity in lane 2 fell to 13 ~ of the value obtained in the untreated control lane (lane 1). This shows that RNA synthesis late after infection, and hence secondary transcription, had been curtailed by the treatment with D609.
The specific interaction of D609 with virus-induced RNA synthesis rather than with the cellular RNA transcriptional processes is also documented in Fig. 2 (lanes 3 and 4) . Equal amounts of radioactivity were incorporated in cellular RNA of both D609-treated and untreated cells. 
IP
Effect of D609 on genomic RNA synthesis
Then, we determined whether D609 impaired replication in any way. After labelling in vivo it was not usually possible to obtain sufficiently strong signals from genomic R N A in autoradiographs. This may be the consequence of the low pH of the culture medium, which curtails the yield of progeny virus. Therefore, the more sensitive Northern blot analysis was used. Total R N A was prepared from treated and untreated infected cells, and after electrophoresis and transfer to nitrocellulose, hybridization was carried out using a 32P-labelled nick-translated VSV-specific probe (Fig. 3) 6 and 7 ; two separate controls shown) and D609-treated cells (lanes 2 and 8, 10 ~tg/ml; lanes 3 and 9, 15 lag/ml; lanes 4 and 10, 20 ktg/ml; lanes 5 and 11, 30 gg/ml) was electrophoresed in a 1 ~o agarose gel, transferred to nitrocellulose paper and hybridized with clone 63zp_ labelled DNA to reveal homologous sequences. RNA from mock-infected untreated cells was run in lane 12. Films were exposed for 18 h or 3 weeks (lane 12). Cells were infected with VSV at an m.o.i, of 1 (lanes 1 to 5) or 50 (lanes 6 to 11) p.f.u./cell. Positions of rRNA species are given at the left as S values.
( Fig. 3 , lanes 2 to 5 and 8 to 11). In order to compare the relationship between the m.o.i, and the inhibitory effect of D609 (see also Table 2 ), we conducted measurements at both 1 and 50 p.f.u./cell. At the lower m.o.i, the treatment with D609 was rather efficient, leading to complete inhibition of 42S R N A synthesis (lane 5) at 30 ~tg/ml, while this level of inhibition could not be achieved at 50 p.f.u./cell (lane 11). This became more evident after overexposure of the films. Quantification of the 42S R N A bands by densitometric scanning revealed a good correlation with the values obtained by the plaque assay (compare Table 2 , columns 2 and 5). The inhibitory effect on secondary transcription of L m R N A is also evident. In this case, too, the degree of inhibition was more pronounced after infection with the low input multiplicity of VSV (lanes 2 to 5). As will be referred to again in the Discussion, this discrepancy could be attributable to the availability of larger amounts of active R N A polymerase complexes.
Kinetics of protein synthesis in D609-treated ceils
To study the effect of D609 on viral protein synthesis, treated and untreated cells were exposed in the presence of actinomycin D to [35S]methionine at various times after infection. The results in Fig. 4 demonstrate that viral proteins were produced continuously throughout the observed period in untreated as well as in xanthate-treated cells. As the N protein has a crucial role in viral R N A replication (Blumberg et al., 1981) , the effect of D609 on it was of special interest. The maximum production of N protein in untreated cells was noted 6 h after infection. In D609-treated cells (20 ~tg/ml), N protein synthesis increased until 6 h after infection, although only to about 50~o of the amount that was synthesized in untreated cells (data not shown). The decreased rate of total protein synthesis (Table 2 , column 6) can be accounted for by the inhibition of secondary mRNA synthesis.
Effect on phosphorylation of the NS protein
The NS protein is the major phosphorytated protein species in the virion and in the infected cell (Sokol & Koprowski, 1975; Emerson, 1976) . Particular interest attached to the question of whether D609 had any influence on the post-translational modification of this particular protein, which is involved in the regulation of transcription (Banerjee, 1987) . Therefore, proteins were pulse-labelled with [32p]orthophosphate in either infected or mock-infected cells and also in parallel cultures with pSS]methionine. The VSV-coded proteins were identified by comparison with molecular weight markers and with authentic virion-derived proteins (Fig. 5,  lane 4) . The autoradiographs of the polyacrylamide gels illustrate the result of this experiment (Fig. 5) . All five viral proteins could be seen in the lysates from D609-treated cells (Fig. 5, lanes 2  and 3) . The incorporation of [35S]methionine into the NS protein bands was quantified by liquid scintillation counting after their isolation from the gel. In this experiment the rate of incorporation of [35S]methionine into the NS protein in treated cells amounted to between 80 ~o and 85 ~ of the rates recorded in untreated cells (Fig. 5, lane l) . Thus, synthesis of the viral NS protein and also of the four others remained almost unimpaired by treatment with the xanthate compound. However, phosphorylation of the NS protein was inhibited after labelling with [32p]orthophosphate. In the untreated cells a phosphorylation signal was seen at the position of the NS protein (Fig. 5, lane 5) . In contrast, in the lysates from cells treated with increasing D609 concentrations (10 to 20 ~g/ml) the bands at the NS position were less intensive (Fig. 5, lanes 6  and 7) . For comparison, the phosphorylation pattern of cellular proteins remained unaltered in xanthate-exposed, mock-infected cells (Fig. 5, lane 10 ). It appears, therefore, that D609 exerted an inhibitory effect on the phosphorylaion of the NS protein.
Compelling evidence for the selective inhibition of phosphorylation of the NS protein, confirming the results described above, was obtained by immunoprecipitation with monospecific antiserum (Bell et al., 1984) . To exclude the possibility that a putative interaction of D609 with the uptake of phosphate might lead to an apparent inhibition of the phosphorylation of the NS protein, immunoprecipitations were performed using prelabelled cells. As originally described (Bell et al., 1984) , anti-NS antibody immunoprecipitated the complex of NS and N proteins (Fig. 6a, lanes 1 to 3) . The position of the 35S-labelled NS protein is indicated by the arrow (upper weak band; the lower band represents N protein). At first glance, it appears that both the NS and the N proteins were synthesized, despite the treatment with D609, in an almost undiminished fashion. The densitometric analysis of the area spanned by the bracket to the right of lane 3, however, revealed that the synthesis of the NS and N proteins was reduced (after correction for the background) to approximately 50 % of the original values (Fig. 6b, panel 1) after treatment with 20 ~tg/ml D609 (Fig. 6b, panel 3 ). This observation is consistent with the data described in the previous section.
The salient feature of this experiment, however, was the strong inhibition of the phosphorylation of the NS protein (Fig. 6a, lanes 5 to 8) . The intensity of the NS band after (Fig.  6b , panels 5 to 8) revealed a twofold inhibition after treatment with 10 ~tg/ml (panel 6) and a 17-fold decrease in panel 7 (20 gg/ml), if the weak band is assumed to represent phosphorylated NS protein rather than the weak band of cellular origin (panel 8). After correction for the intensity of the cellular band, however, the factor of inhibition increases to about 60. In addition, the weakly phosphorylated NS protein from treated cells displayed the same electrophoretic mobility as the phosphorylated form from untreated cells. As noted by other workers (Marnell & Summers, 1984; Rae & Elliott, 1986) , the anomalous mobility of the NS phosphoprotein is caused mainly by numerous acidic amino acid residues, and hence non-stoichiometric binding of SDS, rather than by the phosphate groups.
DISCUSSION
It was shown in this study that the xanthate D609 failed to inhibit the primary mRNA synthesis catalysed by the virion-associated RNA-polymerase complex consisting of the L and NS proteins (Emerson & Yu, 1975; Mellon & Emerson, 1978; Isaac & Keene, 1982) . In contrast, the rate of secondary transcription and replication was markedly decreased in the presence of D609 (while host ceil-directed RNA synthesis of uninfected cells remained unaffected). Viral protein synthesis was decreased to some extent by the D609 treatment. This, however, can be accounted for by the reduced number of viral mRNA molecules rather than by an actual lowering of the rate of translation. Although the viral secondary transcription was inhibited by D609, all viral proteins continued to be synthesized at an increasing rate throughout the experiment. It appears that translational processes were not affected by D609. In studies with the positive-strand coxsackie B4 virus we also found that translation of the infecting genome remained unimpaired in treated cultures (unpublished results). We conclude, therefore, that D609 affects the regulatory mechanism responsible for the transition from primary transcription to 'late' RNA synthesis.
The availability of stoichiometric amounts of N protein seems to be indispensable for the encapsidation of full-length RNA molecules (Blumberg et al., 1981 ; Arnheiter et at., 1985) . One might assume, therefore, that genomic RNA synthesis was inhibited owing to lack of sufficient amounts of N protein. If this were the case, however, the transcriptional activity (synthesis of mRNAs rather than genomic RNA) should be enhanced, as reported after cycloheximideinduced suppression of protein synthesis (Wertz & Levine, 1973; Davis & Wertz, 1982) . Such stimulation was not detected in a kinetic analysis of RNA synthesis during 24 h of D609 treatment (unpublished results).
It has been proposed that the association of NS protein with N protein (Bell et al., 1984; Davis et aL, 1986 ) is required to maintain N protein in an unaggregated form for replication (Blumberg et al., 1983) . The affinity of NS protein for N protein was unaffected by the D609 treatment, as was shown by immunoprecipitation of the NS N complex. Thus, the xanthate compound must interact with other regulatory steps in viral growth.
Experiments in vitro have shown that NS protein is involved in regulation of the activity of the viral polymerase complex, as the highly phosphorylated form of NS protein stimulated viral RNA transcription more efficiently than did its less phosphorylated form (Kingsford & Emerson, 1980; . The phosphorylated NS protein binds L protein to the RNA template (Mellon & Emerson, 1978) . We found that D609 prevented the phosphorylation of NS protein in the infected cell, by this means apparently preventing secondary transcription. The unaltered primary transcription in the presence of D609 can be attributed to the phosphorylated NS protein contained in the infecting virus particles (see Fig. 5, lane 8) . Similarly, the degree of inhibition of late RNA synthesis (i.e. de novo mRNA and genomic RNA synthesis) was found to be multiplicity-dependent. At the higher m.o.i. (50 p.f.u./cell) D609 was less efficient (Fig. 3) . This can also be accounted for by larger amounts of previously phosphorylated NS protein-Lpolymerase complexes from the infecting virions. As they are exempt from the inhibitory effect of D609, their biological activity is maintained.
It was shown that a host-derived envelope-associated kinase and purified L protein were both capable of phosphorylating NS protein in vitro (Imblum & Wagner, 1974; Sfinchez et al,, 1985) . This leads to the activation of the RNA polymerase complex, i.e. to transcriptional activity in vitro (S~mchez et al., 1985) . hz vivo, recombinant NS protein was phosphorylated by a cellular kinase in the absence of any other VSV-coded protein (Hudson et al., 1986) . As the phosphorylation of the bulk of cellular proteins was apparently unaffected by D609 we conclude that the observed inhibition of the phosphorylation of NS protein is a highly selective process.
Both the unusually broad spectrum of antiviral activity of the xanthate D609 (Sauer et al., 1984) and its ability to cause the phenotype of transformed cells to revert to a normal morphology and growth pattern (Amtmann et al., 1985b) may be explained by the data recorded in the course of this work, which have shown inhibition of the phosphorylation of a regulatory protein. This is corroborated by several unpublished findings. For example, the tumour promoter-induced phosphorylation of a cellular protein (M~ 80000) in fibroblasts mediated by protein kinase C was abolished in the presence of D609. The same was found with other protein kinase C activators, such as dioctanoylglycerol and phospholipase C. These observations have prompted our current investigations on the reactions of other protein kinases to treatment with xanthates in vivo.
